Synthetic polymers or naturally-derived extracellular matrix (ECM) proteins have been used to create tissue engineering scaffolds; however, the need for surface modification in order to achieve polymer biocompatibility and the lack of biomechanical strength of constructs built using proteins alone remain major limitations. To overcome these obstacles, we developed novel hybrid constructs composed of both strong biosynthetic materials and natural human ECM proteins. Taking advantage of the ability of cells to produce their own ECM, human foreskin fibroblasts were grown on siliconbased nanostructures exhibiting various surface topographies that significantly enhanced ECM protein production. After 4 weeks, cell-derived sheets were harvested and histology, immunochemistry, biochemistry and multiphoton imaging revealed the presence of collagens, tropoelastin, fibronectin and glycosaminoglycans. Following decellularization, purified sheetderived ECM proteins were mixed with poly(ε-caprolactone) to create fibrous scaffolds using electrospinning. These hybrid scaffolds exhibited excellent biomechanical properties with fiber and pore sizes that allowed attachment and migration of adipose tissue-derived stem cells. Our study represents an innovative approach to generate strong, non-cytotoxic scaffolds that could have broad applications in tissue regeneration strategies.
Introduction
Today the concept of tissue engineering using cells incorporated into biodegradable scaffolds is being successfully applied to a variety of tissues including bone [1] , cartilage [2] , skin [3] , blood vessels [4, 5] and bladders [6] . The main approaches include the use of synthetic polymers or naturally derived components such as extracellular matrix (ECM) proteins [7, 8] . One key concern regarding polymeric scaffolds is the inflammatory reaction that occurs upon their implantation and degradation [9] . While degradation can result in integration of the engineered tissue constructs, it can also cause damage to the cells seeded within the scaffolds or to the host cell-matrix environment. A second concern is the lack of biomechanical strength of constructs built using only natural proteins. The development of novel hybrid constructs composed of both strong biodegradable synthetic materials and natural, immunologically neutral ECM proteins might help to overcome the current obstacles [10] .
Tissues and organs consist of specialized cells that are surrounded by ECM, which discloses the precise and site appropriate histoarchitecture. Typical cell harvest using enzymatic digestion results in separation of the ECM and cells, as well as disruption of both adhesive proteins and membrane receptors. In order to avoid enzymatic digestion, researchers have developed sheet-based concepts for the recreation of different tissues, using temperatureresponsive culture surfaces [11] , or have utilized cultured cells such as fibroblasts or smooth muscle cells for prolonged periods of time to induce production of sheets containing cells and their deposited ECM [12] . Cell signaling and metabolic cell activation can be affected by cellsurface interactions. The surfaces of biomaterials provide defined extracellular signals including surface chemistry, topography, charge, energy and wettability to the cells, which sense, communicate and respond to these signals [13] . Understanding the mechanisms by which cells sense and respond to chemical and physical signals from biomaterials will facilitate identification of novel biomaterial properties that control cell behavior [13] . New biomaterials, which can be reliably and rationally designed to interact with cells in a responsive manner, are very important to maintain appropriate cellular and molecular functions in culture. Exploiting biomimetic properties of biomaterials is an attractive strategy in developing novel cellstimulating cues. One important consideration is the interaction of cells with nano-scale topographic interfaces in vitro and in vivo. Surface patterning might be an important issue in the formation and regulation of matrices for tissue engineering and implantable medical devices.
We have previously described that human foreskin fibroblasts adapted with an elongated and aligned morphology when cultured on surfaces with defined nano-patterns [13] [14] [15] . These growth patterns resembled a more natural state of fibroblasts in vivo, suggesting that the nanopatterned surface would be a more favorable substrate for the culture of these cells when compared to conventional flat bottom cell culture dishware. In this study, we have used the silicon-based nanostructures to instruct cells to produce ECM-containing sheets. We analyzed the matrix composition and structure of the sheets using routine histology, immunochemistry and biochemistry, as well as novel minimal-invasive multiphoton imaging technologies. We then decellularized the cell-derived sheets to obtain cell-free, purified ECM proteins for the generation of electrospun hybrid scaffolds that combined synthetic material with natural human sheet-ECM proteins to overcome limitations seen with scaffolds constructed with either one alone. We identified the properties of these novel scaffolds including fiber diameter, pore size and strength, and seeded the electrospun scaffolds with cells. Both, good biological and mechanical properties of the created hybrid scaffolds should prove useful for their application in the field of tissue engineering. Moreover, our innovative approach, taking advantage of the abundant synthesis of human ECM proteins in vitro, opens the possibility for the fabrication of custom-made, patient-specific scaffolds for regenerative medicine approaches.
Materials and Methods

Fabrication of nanostructures
Silicon nanostructures with superior control of pattern regularity were fabricated using interference lithography and deep reactive ion etching (DRIE) to create a surface topography with low, mid and high aspect ratios (ARs, ratio of height over width) as described before [16] . Sharp tips have been obtained by thermal oxidation followed by buffered oxide etching (BOE).
Cell culture on nanostructures
Human foreskin fibroblasts (HFFs, American Type Culture Collection (ATCC), Manassas, VA) were cultured in Dulbecco′s Modified Eagle Medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% FBS and penicillin/ streptomycin (100 U/ml, all Invitrogen), at 37°C and 5% CO 2 . At confluence, HFFs were detached from the culture dishes using 0.05% trypsin/ EDTA followed by centrifugation at 1000 rpm for 5 minutes. To induce sheet formation, HFFs were re-suspended in culture medium and seeded at a density of 1×10 4 cells/cm 2 onto smooth control surfaces, as well as on nano-post (low, mid and high) and nano-grate (low, mid and high) samples. After culture for up to 4 weeks at 37°C and 5% CO 2 , sheets formed on all surface structures that could be manually peeled off using a surgical tweezer.
Histological analysis and immunofluorescence staining
The harvested sheets were fixed immediately in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO), followed by dehydration and embedding in paraffin. Semithin sections (5 μm) were cut and stained with hematoxylin and eosin (H&E) for general tissue development. To identify ECM formation, sections were stained using Movat's pentachrome and Picrosirius Red (0.1% Sirius Red in saturated picric acid) [17, 18] . After histological staining, all sections were mounted using Entellan (Electron Microscopy Sciences, Hatfield, PA), analyzed and documented using routine bright-field light microscopy (Zeiss Axiovert 200 inverted microscope, Carl Zeiss MicroImaging Inc., Thornwood, NY). The Picrosirius Red stained sections were additionally analyzed by polarization microscopy using the Zeiss Axiovert 200 microscope combined with a polarizing filter (Carl Zeiss MicroImaging Inc.) [19] . Briefly, Sirius Red binds to collagen in a parallel fashion and enhances the normal birefringence of collagen fibers, which are then detectable as bright red or yellow fibers using polarization microscopy. In this way, also very thin fibrils that are undetectable using routine bright-field light microscopy become visible.
Immunofluorescence staining was performed to detect specific ECM proteins including collagen types I and IV, tropoelastin, fibronectin and decorin. Sections were permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) for 10 min, followed by 3 washes with wash buffer (WB, PBS containing 0.1% Tween-20 (Sigma-Aldrich)). Non-specific antibody binding sites were blocked by incubating the samples for 30 minutes in blocking buffer (1% BSA, 2% goat serum and 0.5% Triton X-100 in PBS, all Sigma-Aldrich). Primary antibodies to collagen type I (1:50, Acris Antibodies GmbH, Herford, Germany), collagen type IV (1:100, abcam, Cambridge, MA), fibronectin (1:400, Dako, Carpinteria, CA), decorin (1:50, R&D Systems, Inc., Minneapolis, MN) and tropoelastin (1:100, abcam) were diluted in antibody buffer (PBS containing 1% BSA, 0.5% Triton X-100), and samples were then incubated for 60 minutes at room temperature, followed by several washes. Alexa Fluor 488-conjugated secondary antibodies (Molecular Probes, Eugene, OR) were applied to the samples and incubated for 30 minutes at room temperature. After several washes, the nuclei were stained with 4'-6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). Staining without primary antibodies served as controls. Digital images were acquired using a Leica DM IRB inverted microscope system equipped with 20× (0.40 numerical aperture (NA)), 40× (0.75 NA) and 100× (1.25 NA) objectives (Leica Microsystems Inc., Bannockburn, IL).
Enzyme-linked immunosorbent assay (ELISA)
ELISA was used to determine collagen type I and decorin contents in the cell-derived ECM sheets according to the manufacturer's instructions (collagen type I, Cosmo Bio Co. LTD, Japan; decorin, R&D). Lysis buffer containing 20 mM Tris, 1% Triton X-100, 0.1% SDS, 1 mM NaF, 1 mM Na3VO4, 150 mM NaCl (all Sigma-Aldrich) and protease inhibitor cocktail (Boeringer Mannheim, Germany) was added to each sample. The detached sheets from each sample were homogenized by passing the lysate at least 5 times through a 20-gauge needle fitted to a syringe. This step was followed by centrifugation at 10,000 rpm at 4°C. The supernatant was transferred to a new tube. Total protein contents were measured using the Bradford method [20] . Equal amounts of protein from each time point (each 40 μg) were used for ELISA. A standard curve that was prepared from predetermined BSA standards. The absorbances of the samples were measured and the amounts of collagen type I and decorin were calculated based on a standard curve. Collagen type I and decorin contents were normalized to the total protein content and all values are expressed as μg (collagen type I) and pg (decorin) per mg protein.
Biochemical assays
Sheet homogenates were prepared as described above (see ELISA). Total collagen and glycosaminoglycan (GAG) contents were assessed using SIRCOL and BLYSCAN assays (Biocolor, Belfast, Northern Ireland) as per manufacturer's instructions. All contents were calculated relative to the total protein of the cell-derived sheets and are therefore expressed as μg per mg protein.
Sheet decellularization
Cell-derived sheets were decellularized using 0.25% sodium deoxycholate and 0.25% Triton X-100 (both Sigma-Aldrich) in a 6-hour incubation at 37°C under continuous shaking, followed by DNase (Qiagen, Valencia, CA) treatment and washing for 6 hours in PBS as described before [21] . Completeness of decellularization was evaluated with staining for nuclei using DAPI and H&E, and total DNA assessment using the PicoGreen assay (Invitrogen) as previously described [22, 23] .
After decellularization, cell-free ECM sheets were mechanically homogenized by pipetting up and down for several times. The sheet-derived homogenates were sequentially passed through a 20-gauge needle fitted to a syringe. This step was repeated at least five times, followed by high-speed vacuum centrifugation for 10 hours to remove water and dry the extracted samples. The dry weight of the samples was recorded, and total protein was determined using the Bradford method. For electrophoretic separation, sodium dodecyl sulfide-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on a 10% gradient gel according to established protocols [24] . Separated proteins were stained for 1 hour with 0.4% Coomassie Brilliant Blue in 10% acetic acid (Sigma). Gels were de-stained in 10% acetic acid till the background was transparent.
Fabrication of electrospun scaffolds using sheet-derived ECM proteins
To fabricate scaffolds, the sheet-derived ECM protein extracts were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) (125 μg protein/ml HFP). The HFP-dissolved protein alone or in combination with 10% poly(ε-caprolactone) (PCL) were then subtracted to electrospinning as described in detail before [10] . All electrospun scaffolds were subsequently analyzed using routine histology, SEM and multiphoton imaging.
Mechanical Testing
Electrospun samples were cut into 30 mm × 10 mm pieces for dynamic mechanical analysis (DMA). Initial monotonic tensile testing was conducted on one sample from the sheet-ECM proteins to establish a baseline testing point on an Instron MTS ReNew (Norwood, MA, USA) using a 250N load cell at a speed of 1 mm/ second and a gauge length of ∼10 mm with a pneumatic flat jaw clamp. DMA testing was carried out on a DMA Q800 (TA Instruments, New Castle, Delaware, USA) using a strain sweep of 1 to 20 μm at a frequency of 1 Hz. Testing was carried out at 37°C using a thin film clamp with a gauge length of ∼10 mm.
Multiphoton microscopy and SHG imaging
To determine the ECM produced by fibroblasts on each nanostructure and to identify the fiber composition in the electrospun scaffolds, multiphoton microscopy and SHG imaging were performed using a Zeiss LSM 510 META NLO femtosecond laser scanning system (Carl Zeiss MicoImaging Inc., Thornwood, NY), coupled to a software-tunable Coherent Chameleon titanium:sapphire laser (720 nm -930 nm, 90 MHz; Coherent Laser Group, Santa Clara, CA, USA), and equipped with a high-resolution AxioCam HRc camera with 1300 × 1030 pixels (Carl Zeiss) as previously described [10, 25, 26] . Images were collected using an oil immersion Plan Apochromat 63×/1.4 NA objective lens (Carl Zeiss). Cellular and ECM structuredependent autofluorescence and SHG were induced using wavelengths of 760 nm (cells, elastin) and 840 nm (collagen) as described [10, 25, 26] . Non-invasive serial optical horizontal sections of six different areas of each of the specimens were taken at four different depths (5, 15, 30 and 60 μm). To quantify and compare the intrinsic fluorescence signals of cells and ECM structures within the cell-produced sheets, lambda stacks were ascertained at emission wavelengths of 400 nm to 520 nm (in 10 nm increments) using the two-photon Chameleon laser tuned to an excitation wavelength of 840 nm. Emission was collected using the Zeiss META detector (spectral separator) of the LSM 510 Meta NLO system as previously described [26] . An E700SP filter (Chroma Technology, Brattleboro, VT) was installed in front of the detector to block UV radiation and to prevent scattered laser light from reaching the detector. SHG signals were collected through a 435 nm band pass filter. Signal intensities were reflected by the gray values of all the pixels within a region of interest (ROI) (gray value intensities (GVI). Mean intensities were calculated from peak intensities of the screened ROI areas. Accordingly, all results are presented as mean values ± standard deviations (SD).
Scanning electron microscopy (SEM)
All samples were rinsed with SEM buffer (0.1M sodium cacodylate buffer, pH 7.2, supplemented with 5% sucrose (all Sigma-Aldrich)), fixed for 30 minutes in 2% paraformaldehyde/ 2% glutaraldehyde and processed as previously described [10] . The samples were mounted onto stubs and sputter coated by gold/palladium (Au/Pd, thickness of ∼10 nm) using Denton Desk II sputtering before scanning using JEOL JSM-6490 (JEOL USA, Inc. Peabody, MA) scanning electron microscope. Fiber diameters and pore sizes were measured on the scanning electron micrographs as described before [10] .
Cell culture on electrospun scaffolds
Electrospun scaffolds were disinfected by immersion in 70% ethanol for 20 minutes followed by 3 × 5 minute rinses in sterile water and PBS. Human adipose-derived stem cells (hASCs) were prepared as described [27] and were seeded at passage 2 onto the electrospun scaffolds at a density of 10 6 cells/cm 2 to reach a confluent cell layer. The hASC-seeded scaffolds were then cultured for 4 weeks in DMEM-10% FBS at 37°C and 5% CO 2 . To detect cell attachment as well as cell migration throughout the constructs, hASC-seeded scaffolds were evaluated with staining for nuclei using DAPI and H&E, and SEM as described above.
Statistics
All results are presented as mean values ± standard deviation (SD). Significant differences between the samples were assessed by analysis of variance and Fisher's PLSD (Tukey's) test and two-sided unpaired t-test, using significance at a p-value <0.05.
Results
Cell-nanostructure interactions
Two different patterns, nano-post (needle-like) and nano-grate (blade-like), were fabricated with three different ARs (Suppl. Fig. 1 ). ARs were systematically varied from low (50-100 nm in height), mid (200-300 nm) to high (500-600 nm), while the pattern periodicity (230 nm) and the tip sharpness (needle-or blade-like sharp tip) were retained in our samples as described before [13] [14] [15] . The efficiency of HFF attachment to polystyrene tissue culture dishware and smooth silicon surfaces was indistinguishable; therefore smooth silicon surfaces served as twodimensional (2D) control surfaces in all our experiments. As previously described, HFFs exhibited distinct morphological features on surfaces with nano-post and nano-grate patterns [14] . In detail, cells that were cultured on 2D control surfaces with no patterns displayed a well-spread and flattened morphology. HFFs were elongated on nano-post samples with low and mid structures; however, with increasing height of the structures the cells showed poor adhesion, and on nano-post structures with high patterns only sparsely distributed cells with a round and small morphology and less cell-surface adhesions were detected. On the surfaces with nano-grate structures, the cells adapted with an elongated morphology and alignment along with the grate direction, which became more pronounced as the height of the nano-grates increased [14] . When cultured for up to 3 weeks, it had been shown that HFFs grown on these nanostructures induced the formation of cell-containing sheets [15] .
Characterization of cell-derived ECM sheets
After 4 weeks in culture, cells formed sheets on all surface structures, comprising HFFs and HFF-produced ECM proteins (Suppl. Fig. 2 ). Movat pentachrome staining revealed the presence of ECM proteins such as collagens (yellow) and glycosaminoglycans (blue) in all sheets that were harvested from smooth control surfaces as well as from the different nanostructures (Fig. 1A) . Double refraction (birefringence) was seen under polarized light in sections stained with Picrosirius Red, suggesting that fibrillar collagens had been deposited (Fig. 1B) . Interestingly, it appeared that, specifically when focusing on the nano-grate high samples, the collagen fibers were aligned along the surface structures (Fig. 1B, n and Suppl. Fig. 3 ). The fibrillar nature of collagens was additionally confirmed using multiphoton-induced autofluorescence and SHG microscopy, although differences in the intrinsic fluorescence signal intensities, excited with wavelengths of 760 nm (cells and elastic structures) and 840 nm (collagen), were noted between the samples (Fig. 2) . In detail, compared to weaker signals detected in samples derived from smooth control ( Fig. 2A) and nano-post low, mid and high surfaces ( Fig. 2B and C, a-c) , robust autofluorescence and SHG signals were measured when excited with 840 nm in sheets obtained from nano-grate low, mid and high surfaces (Fig. 2B  and C, d-f) . Interestingly, we monitored significantly weaker cell intrinsic fluorescence patterns, specifically in the samples harvested from nano-post high surfaces when compared to smooth controls, nano-post low and mid, as well as all nano-grate surfaces. Superior cellular structures and a maximum cell autofluorescence were detected in the nano-grate high surfaces when excited with 760 nm (Fig. 2B, f and C, f) . Additional immunofluorescence staining confirmed that the cell-derived sheet ECM contained fibrillar collagen type I and basement membrane type IV collagen, tropoelastin, fibronectin and decorin (Fig. 3) .
To quantify the deposition of selected ECM proteins we performed biochemical assays and ELISA (Fig. 4) . We detected significantly higher amounts of total GAG in the nano-grate mid and high samples (mid: 23.9 ± 1.7 μg/mg; high: 24.1 ± 2.5 μg/mg) when compared to smooth controls (19.2 ± 1.4 μg/mg; p = 0.0090 (mid), p = 0.0066 (high)), nano-post low (20.5 ± 2.1 μg/mg; p = 0.0453 (mid), p = 0.0334 (high)), nano-post mid (20.2 ± 2.1 μg/mg; p = 0.0337; p = 0.0247 (high)) and nano-post high (12.1 ± 0.8 μg/mg; p < 0.0001 (mid and high)) samples (Fig. 4A) . The total GAG content was significantly lower in nano-post high samples when compared to smooth controls (p = 0.0004) as well as nano-post low (p < 0.0001), nano-post mid (p = 0.0001), nano-grate low (21.7 ± 2.2 μg/mg; p < 0.0001) and nano-grate mid and high (both p < 0.0001) samples (Fig. 4A) . Moreover, nano-post high samples displayed also significantly lower amounts of total collagen (13.1 ± 2.0 μg/mg) when compared to smooth controls (17.4 ± 0.2 μg/mg; p = 0.0066), nano-post low (18.4 ± 0.5 μg/mg; p = 0.0014), nanopost mid (19.2 ± 1.2 μg/mg; p = 0.0004), nano-grate low (17.6 ± 2.9 μg/mg; p = 0.0046), nanograte mid (19.0 ± 1.9 μg/mg; p = 0.0006) and nano-grate high (19.4 ± 1.0 μg/mg; p = 0.0003) samples (Fig. 4A) . ELISA revealed a significantly higher synthesis of collagen type I in nanograte mid (15.9 ± 1.1 μg/mg) and nano-grate high (15.5 ± 0.3 μg/mg) samples when compared to nano-post mid (14.2 ± 0.1 μg/mg; p = 0.0276 (mid), p = 0.0488 (high)) and nano-post high (13.1 ± 1.1 μg/mg; p = 0.0029 (mid), p = 0.0093 (high)) specimens (Fig. 4B) . No significant differences in deposition of decorin were detected (7.6 ± 0.2 pg/mg smooth, 7.4 ± 0.2 pg/mg nano-post low, 7.7 ± 0.1 pg/mg nano-post mid, 7.6 ± 0.2 pg/mg nano-post high, 7.8 ± 0.5 pg/ mg nano-grate low, 7.9 ± 0.6 pg/mg nano-post mid, 7.8 ± 0.4 pg/mg nano-post high; all p > 0.05) (Fig. 4C) .
Electrospinning of sheet-derived proteins and PCL
To obtain cell-free, purified ECM proteins, we exposed the cell-derived sheets to 0.25% sodium deoxycholate and 0.25% Triton X-100, followed by DNase treatment according to an established protocol [21] . As assessed by DAPI and H&E staining, the decellularization procedure resulted in an almost complete loss of all cellular structures within the sheets (Fig.  5A) . DNA assays confirmed these results showing a significantly decreased DNA content in the decellularized samples when compared to non-treated controls (402 ± 43 ng/mg dry weight in controls versus 14 ± 6 ng/mg dry weight in treated samples) (Fig. 5B) . Following decellularization and subsequent high-speed vacuum centrifugation, SDS-PAGE revealed the presence of intact proteins in the sheet-ECM extracts (Fig. 5C ). The purified ECM proteins were then used for scaffold fabrication employing electrospinning technologies. In order to avoid the need for cross-linking agents such as glutaraldehyde, sheet-ECM proteins were stabilized using the biopolymers PCL [10] . Sheet-ECM proteins as well as 10% PCL were dissolvable in HFP and were electrospinnable, either separately or when mixed together. SEM analysis of the electrospun sheet-ECM and mixtures of sheet-ECM with 10% PCL showed the presence of a 3D fibrous mat with fibers in random orientation (Fig. 6A, a and c-e) . In contrast, electrospinning of 10% PCL alone resulted in non-fibrous constructs (Fig. 6A, b) . Multiphotoninduced autofluorescence imaging confirmed the SEM data and revealed further that the fibers seen in the sheet-ECM/PCL scaffolds represented mainly a hybrid of the base materials (Fig.  6B ).
Fiber diameter, pore size and mechanical properties of hybrid scaffolds
The average fiber diameter, pore size and mechanical properties of the various scaffolds are summarized in Table 1 . As shown, there were no significant differences between the average fiber size of sheet-ECM/PCL (0.37 ± 0.07 μm) compared to electrospun sheet-ECM proteins alone (0.32 ± 0.05 μm). In contrast, the average pore size was significantly smaller in the electrospun sheet-ECM/PCL scaffolds (32.24 ± 0.96 μm 2 ) when compared to electrospun sheet-ECM scaffolds (45.71 ± 0.98 μm 2 ). DMA revealed further that both scaffolds made of either sheet-ECM alone or sheet-ECM and PCL in combination exhibited extreme brittleness and broke when placed into the clamp for DMA testing. However, the sheet-ECM scaffolds showed a greater amount of elasticity during the course of the testing protocol (Fig. 7) . In contrast, the sheet-ECM/PCL scaffolds were able to withstand a higher amount of stress compared to the samples made of just ECM proteins. For higher amounts of amplitude during the strain sweep (> 20 μm), the sheet-ECM scaffolds had a storage modulus of 2.94 ± 0.96 MPa, while the sheet-ECM/PCL constructs had a significantly higher storage modulus of 7.92 ± 1.61 MPa (Fig. 7A) . However, the sheet-ECM/PCL constructs exhibited also a significantly higher loss modulus as displayed in Figure 7B (loss modulus values at the higher amplitude = 0.24 ± 0.30 MPa (sheet-ECM) versus 0.75 ± 0.46 MPa (sheet-ECM/PCL)), indicating that the sheet-ECM/PCL scaffolds are able to withstand high amounts of strain, but are unable to do so cyclically. It also reflects the extreme brittle characteristics of these scaffolds and quantitatively suggests that there is little elasticity present. Tan δ values represent the relationship between the storage and loss moduli and are indicative for the ability of the sample to recover from deformation. At higher amounts of strain, the sheet-ECM samples had a Tan δ value of 0.081 ± 0.055 compared to 0.096 ± 0.017 in the sheet-ECM/PCL hybrid scaffolds (Fig. 7C) . We noted a gradual increase in the Tan δ values as the strain sweep progressed and the amplitude increased, indicating that the scaffold's ability to recover from the deformation of the strain is beginning to weaken and eventually the scaffold will rupture. This increase was seen at a relatively low amount of strain, indicating that there is sufficient strength in the scaffold, but little to no elasticity.
hASC response to electrospun hybrid scaffolds
Although we could successfully electrospin pure sheet-ECM proteins into fibrous mats, these scaffolds dissolved and lost their 3D structure when introduced into aqueous conditions (cell culture medium). To study cell-scaffold interactions we used therefore the hybrid scaffolds composed of sheet-ECM and 10% PCL, seeded them using hASCs, and culture the constructs for 4 weeks. No surface modification of the electrospun scaffolds was necessary to ensure attachment of hASCs. SEM of the cell-seeded hybrid scaffolds revealed cell attachment and confluent coverage of the entire scaffold surface (Fig. 8A) . H&E and DAPI staining confirmed this result (Fig. 8B, C) . Moreover, using the LSM 510 Meta NLO imaging system, non-invasive serial optical horizontal sections (z-stacks) of the DAPI-stained scaffolds demonstrated robust cell migration throughout the entire scaffold (Fig. 8C) .
Discussion
There is an obvious necessity to improve traditional treatments for cardiovascular diseases and develop alternatives to current organ transplantation therapies. An alternative approach is to design tissue-engineered constructs. The field of cardiovascular tissue engineering has attempted to produce clinically viable conduits such as blood vessels and heart valves by using a variety of in vitro approaches that typically combine living cells seeded onto biomimetic scaffolds [4, 5, [28] [29] [30] [31] [32] [33] [34] [35] [36] . One aspect of tissue engineering has been the design of scaffolds with specific mechanical and biological properties similar to the native extracellular environment in order to modulate cellular behavior. The intricate complexities of this spatial and temporal environment dynamically influence phenotypic and other cellular behavior by providing indirect and direct informational signaling cues [8, 25, [37] [38] [39] . Interactions between cells and ECM can modulate cellular activities such as migration, proliferation, differentiation, gene expression and secretion of various growth factors and cytokines. Thus, the more closely the in vivo environment can be recreated, the more likely is the success of the tissue engineering effort [13, [40] [41] [42] .
In the present study, we have cultured human fibroblasts on smooth control surfaces and silicon-based nanostructures exhibiting various surface topographies to determine their ability to instruct cells to produce ECM-containing sheets. We further compared the quality of the obtained ECM proteins and quantified ECM production. After 4 weeks in culture, the fibroblasts formed a robust sheet on all surfaces containing their own ECM proteins including collagens, tropoelastin, fibronectin and various glycosaminoglycans. Interestingly, we found that culture on especially the nano-grate structures with mid to high patterns resulted in a significant increase in ECM protein production; however, in order to be able to upscale the in vitro production of human ECM proteins, further improvement of the nanostructure technology (size of the structures and surface topography) will be necessary.
We could successfully isolate, purify and electrospin the sheet-derived ECM proteins in order to fabricate custom-made scaffolds, suitable for different tissue engineering applications. Although we could successfully electrospin pure sheet-ECM proteins into fibrous mats, these scaffolds dissolved and lost their 3D structure when introduced into cell culture medium without the use of any cross-linking reagent or other stabilizing additive. As demonstrated by our previous work, exposing the electrospun scaffolds to a cross-linker such as glutaraldehyde, intermolecularly cross-links the scaffolds, making cell-culturing possible; however, the use of glutaraldehyde also reduces porosity dramatically [10] , and glutaraldehyde-treated biomaterials can be cytotoxic [43] . Moreover, results from clinical studies have shown that treatment with glutaraldehyde can cause vascular graft failure related to aneurysm formation, calcification and infection [44] [45] [46] . In order to avoid the need for cross-linking agents, sheet-ECM proteins were stabilized using PCL. PCL is a Food and Drug Administration (FDA) approved material that is already clinically used as drug delivery device and suture material (sold under the brand name Monocryl or generically) [47, 48] . Although electrospinning of PCL alone resulted in an amorphous/non-fibrous suboptimal scaffold, adding PCL to the sheetderived ECM proteins instead of a chemical cross-linking reagent not only reduces the potential toxic problem, but this approach also produced a novel biomaterial with improved mechanical and biological properties. Furthermore, it is known that cell adhesion to pure synthetic polymers is poor due to the lack of specific cell-binding sites and therefore requires additional modifications [49] [50] [51] [52] . By combining cell-produced ECM proteins with PCL prior to electrospinning, cell attachment onto the fibers in the presented hybrid scaffolds was possible without further surface modification. The sheet-ECM/PCL hybrid scaffolds clearly supported attachment and proliferation of hASCs as well as cell migration throughout the scaffold. It is likely that the gradual degradation of PCL in the hybrid scaffold creates more space for cell migration and that cell-produced ECM proteins provide specific binding sites for further cellular attachment and proliferation.
The mechanical properties of a scaffold are an important design parameter for maintaining stability before the cells produce their own ECM [53, 54] . Here we used novel dynamic mechanical testing to evaluate the scaffolds' potential use in dynamic strain environments. Under the determined protocol for DMA testing, the scaffolds were strained under increasing increments and allowed to recover fully at 37°C, until testing concluded or permanent deformation occurred. DMA testing determines both the storage and loss moduli and calculates the ratio between the two and the Tan δ value. The two moduli indicate the elastic properties of the scaffolds and their ability to recover from such strain over time [55] [56] [57] . Specifically, the storage modulus measures the amount of stored energy, corresponding to the elastic portion of the scaffold. The loss modulus is the expression of the energy lost to molecular rearrangement or dissipated as heat, representing the viscous portion of the material and its ability to recover from permanent deformation. The Tan δ values further examine the relationship between the storage and loss moduli of the material, by representing the ratio of the storage modulus to the loss modulus as the strain steadily increases [55] [56] [57] . In our study, we found that the Tan δ curve gradually increased and that the elastic nature of the sheet-ECM/ PCL hybrid scaffolds decreased. As the strain increased, the fibers were allowed more surface area to align and recover from such strain. As the loss modulus increased, the scaffolds' ability to recover from repetitive strain decreased. Here we see both the storage and the loss modulus increased, causing the subsequent Tan δ values to increase. This correlates to the gradual loss of elasticity observed when the scaffolds were physically handled and subjected to dynamic loading conditions. This relationship allows us to determine the best amplitude and amount of strain and stress that our scaffolds can withstand. Interestingly, we found that the sheet-ECM scaffolds were only able to withstand a small degree of stress while showing superior elasticity due to less viscous loss. In contrast, the more stable, but relatively less elastic sheet-ECM/PCL hybrid scaffolds exhibited a higher degree of viscous dissipation.
In summary, the human fibroblast-derived ECM protein/PCL hybrid scaffolds showed sufficient tensile strength while supporting cellular proliferation and migration into the scaffold. This unique ability might help to overcome current obstacles, bringing the hybrid scaffolds closer to a clinical realization.
Conclusions
Native ECM is comprised of a complex network of structural and regulatory proteins that are arrayed into a tissue-specific, biomechanically optimal, fibrous matrix. The multifunctional nature of the native ECM will need to be considered in the design and fabrication of tissueengineering scaffolds. Here we introduced a novel concept to generate human ECM proteins in vitro. We further fabricated human ECM/PCL electrospun hybrid scaffolds with favorable mechanical properties and binding sites for cell attachment and proliferation. We believe that electrospinning using a combination of strong biopolymers and natural, potentially patientspecific proteins better recapitulates key features of native ECM substrates while providing superior mechanical and biochemical properties. Ease of in vitro generation of autologous human ECM proteins and the combination with electrospinning technologies will make this method valuable for clinical applications in regenerative medicine.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Immunolabeling of sheets derived from smooth control (A1-E1), nano-post low (A2-E2), nano-post mid (A3-E3), nano-post high (A4-E4), nano-grate low (A5-E5), nano-grate mid (A6-E6) and nano-grate high (A7-E7) surfaces identifies expression for collagen types I and IV (A1-7 and B1-7), tropoelastin (C1-7), fibronectin (D1-7) and decorin (E1-7) (all green). Cell nuclei are stained with DAPI (blue). Scale bar equals 200 μm. Biochemical assays (A) and ELISA analyses (B and C) reveal significantly higher ECM protein depositions in sheets that had been harvested from nano-grate surfaces. (A) *p < 0.05 increased against smooth, nano-post low, mid and high; **p < 0.05 GAG decreased against smooth, nano-post low and mid, nano-grate low, mid and high; (B) ***p < 0.05 increased against nanopost mid and high. DMA. (A, B) The sheet-ECM/PCL hybrid scaffolds demonstrate a significantly higher storage modulus, but also exhibit a significantly higher loss modulus when compared to sheet-ECM alone. (C) Tan δ values represent the elastic nature of the scaffolds. Of note, there is a gradual increase in the Tan δ values of both sheet-ECM and sheet-ECM/PCL scaffolds as the strain sweep progresses and the amplitude increase. Biomaterials. Author manuscript; available in PMC 2010 September 1.
